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VIRTUAL SOURCE LUNEBERC LENSES

INTRODUCTION

Within recent years workers ' =izrswave opties have given the Luneberg lens! much
attentiui 29 2 Wil Gayiv w2imine eniemws Lo e of it8 complete symmetry. No consid.
eration, howover, nas b-un given in 4L.. uatization of only a portion of this lens, together
with proper »efleiiiry suiiaces, a8 2 means of reducing its size and weight, This combin.
ation of ihe lens section and the refiectors will be called a virtual source Lunberg lens,

In this report, some of the general propertics of these Luneberg lenses are considered,

and experimental data are presented for a lens of this type,

The Luneberg lens is a spherical, variable-index-of-refraction system in which, for
a unit- us lens, the index of refraction n varies with the distance from the center r a5
n =¥2 - r’, In this discussion, it is both convenfent and sufficient to consider rays in o
plane through the source and the lens center and if necessary, to extend these considersa-
tions to the full lens, As shown in Figure 1, rays which leave the sourc@ S on the surface
of the lens are focused into parallel rays. A cay leaving the source at an angle Y from the
diameter ST is raziated from the lons at the point P so that the radius OP forms an angle
Ywith 8T, The ray which leaves the source at ¢ = 0 propagates in a 3traight line through
the center, while a ray leaving at ¢ = 7 /2 propagates along one fourth of the lens circum-
ference before being radiated, :

VIRTUAL S8OURCE LENSES -

Because of symmetry in the Luneberg ‘ &=
lens, plane reflecting surfrces may be placed y YV r

through its center and the ray paths may be
traced by ihe use of imagés, Coneider 2
source at 8 (Figure 2) displaced from the
reference axis RO by an angle 5 (positive
angles are meaaured counterclockwise), The = &
addition of a single reflector perpendicular to

RO will produce a virtual source, A typleal

ray, leaving Batanangie Y, propagates through -
the lens end is reflectad at this surface so that LED BN ?
the angle of reflection equals tho angle of inci- \4 .

dence, This ray continues tc propagate as if o -
it origirated at the virtuai source 8,, which e
{8 the mirror Imagse of 8 in the reflector Figure ! - Rays in & Luneberg ienc

‘Y‘Léune'os:rg. . K., “Mathematical Theory of Optice," Brown University Graduate Schoal,
Providence, B.7,, 1944
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(®, is disp.acedfrom RO throughanangle v - 8). Therefore,all reflected rays are focused
into & beam of parallel rays which is displaced at an angle -8 from RO ae if the real source,
tn a full lens, were at 3,. If 3 9+ 0, some of the rays wiil be radiated without reaching ike
reflector and & focused beam of these “direct” rays is formed in the direction of 80,

Figure 2 - Rays in a one-reflector virtual
source Luneberg'lens

This example is a special case of a sphericai wedge in which the wedge angleis7. A
general spherical wedge of angle a (Figure 3) can also be examined by employing virtual
sources. In this figure, th2 raference axis RO bisects the wedge angle and the source 8 is
displaced from RO by an angle 8. ‘M o > #/2 and | 8| + a/2 > 1 /3, a direct beam is formed;
if o< 7 /2, all rays are reflected and there is no direct beam. Figures 3a and 8b showsan
arrangement with o > 7 /2 and !ﬁT‘-b a/2< 7/2. Lety, be a boundary angle between two
groups of rays leaving the source. In Figure 3a,rars at angles y from 80, such that
-7 /2 S ¥ < Y, are reflected from the lower reflector and are radiated from the lensas
i1 they originated at the virtual source S,, As shown In Figure 3b, rays leaving 3 at angi~.3
¥, such that ¥, < ¥ < 0 also reflect from the lower reflector, propagate as if they origina :ed
at the virtual source §,, reflect from the upper reflector, and are radiated {from the lons at
an angle ¥ + 2 a+ B, Apparently, the radiated beam nas been produced by the viriual source
8, at an angle 2o + 8. By similar reasoning it can be shown that rays leaving S for postiiive
values of Y produce a virtual source S; at an angle - {4+ g) and the corresponding radialion
beam at an angle 7 - (@ + B). o

For any wedge angle a, similar techniques may be used to show that all the rays are
radiated into perfectly focused beams as if they originated from their respective virtusl
sources, Table 1 containg# a summary of virtual source and beam positions in terms of
o and B8, Notation for the virtual sources is given so that the order of their positions from
8 on a circumference of the {full ephere i3 8§,, 8;, Js, ... in the positive direction and §;, &,
8¢, ... in the negative direction. If o is small, the beams that might teo formed br rays with
fow reflections are not radiated; the corresponding virtual source positions, however, ave
useful {n determining the ray paths. For a glven a, there 18 a wmaximum number of
reflactions so that a finite number of radlated beams oxists.

An idea of the relative gains of these beamns may be ohiained by noting that the heams
fsrmed from rays leaving the Ieed at large angles from the central ray are radinted from
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relatively sumall anerivean sid prodiuce rala-
ttvaly P.oag Deaiwidths, Alsc, owing to the
Lilumination taper of a normal feed, these
beams vontmin relatively little enexgy. The
combination of these elfects considerably
reduces the gain oi such bemmw, &nd as 1
result, the bonmas formed from rays leaving
the feed st small angles from the tentral ray
are the mon; laporisit ones. Henceforth, the
heam with the greatest galn wiil be referrvd
to as the principul bsam,

The most uselul and interesting of thess
Jonses are those which produce the principal
beam at either & § L.2., with the principal
beam displucement from RO equal to the
sovrco displacement, This condition is
achleved if o » ¥/p, whers p {a an integer
equal to the maximum number of reflections
for any ray, Proof of thia statsment may ho
weon by examining the position of the bouma
formod from rays with p reflections, When
aw ¥/p, the virtual sources L and 5,
coincide at the position w+¢.1)s to yield
the principal bsamat -g for p odd and +8 for
peven, aothat there are 2p-1 virtual sources.
Inorder to ¢alculate the mifviium number of
vefloctions for any ray, one sotes thet the
circumfarentin) ray must traveras a 90° ars
before baing radinted; this numbar is p/2 for
p aven and (p-1)/2 for p odd (uxcepk for
(p+r1)/2whang = Q). Thereare p+1 radistion
beaxan, excert when pis odd and g = 07 inthis
event, there art p beams, -

Some physick! insight into the behavior
ofthase lenses can be obtaliied by examining

TABLE 1

Virtuasl Source and Beam Positions

Figure 3 - Reye in a two-reflector
vi*tual source funeberg lens

. Virtual| Virtua Scorce Radfuted-Beam |
_B“m Formatlon | g,uraa | Poultion Poaltion
= p 8 I e enr
Mrect 3 &} LN
Rays with onu 3 a- B w+a-f
retlection 8 - (et + f) e (a+ f)
Rays with two 8 Jor 4 B LI 1
retlections 8 o (Bev = p) ¥~ (da - f)
Raym with three S Sav v f3 v Ja~
refloctions 8, -3 + B e (o + )
Rayo with in s,;,, ma "(:x;"‘p memar( :r.;"‘ﬂ
rellections 9 n clmadr ™10y e {mar 1))
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the vositiona of the virtual sources, For o = r/p and g = 0, it is easily seen in Teble i
that the source and the-2p - -virtual sources are equally spaced (and ssuarated by an -

angle a} around the circumference of the full sphére, as'illustrated in Figurs 4, H the
source is moved through’ an apgle B, each of the virtual sources also moves thmugh

angle 3 and the direction of their movement can'be Juickly determined by fo)lowing the
cireumference and alternate directions to'successive virtus! scurces {as indl-
cated by the arrows in Figure 4).. Sirce the virtual sources and the beams move through
an angle equal to s source nsoviment, the beami ~factor for all beams s unity, For the
case of p odd (»3), the surce and the principal virtual source ;5 move'in ems.te Airec-
tions so that the principal beam gosition is -A For a case of p even, say p = 4, \= virfual
sources are added, one ic éach sids of the full sphere, so that the scurce and tha principal
virtual source 8y, movgfn th&’.ﬁame directien and the principal beam position s +A It can
be seen that tho virtuala 8 and their beats move toward each other in pairs, and when
B = /%, éach of the prirs. {8 combined into one virtud) source, ' For these spherical wedgs-
shaped xansaa, 1t cﬁnﬂso be seen that if the soarce is moved toward one cf the poles o
the sphere (1.e., movedina plane perpendicular to the plane in Figurz 4) through an az“ze
¢ the virtual sources alan move toward the same pole through i angle ¢, ‘

Teo methods of ntinzinz these Jenses for scan-
ning antennas ars apparent. One method consists of
rotating the feed ‘around the circmnferenca ofa
stationary lens ty obtain 2 s¢an of the principal beam
over an angle @ {or slightly leas than & if the gain of

- the unwanted beame 1is considered as a Umiting factor),

. Another method, if p is odd, consists of rotating the

- lens past a stationary feed to obtain 2 scan over an .
angle 3a. I p is even, no.scanning of the principal
beam is obtained by this second method; ihis may. be

~ seen by inspecting the virtual] source positious 28 was
done in the preceding paragraph. This second method
of scanning may be extended by rotating a lers com-
posed of 2p (p odd) identiczl virtual sowurce lenses
(i.e., a full sphere of these lenses) to obtain a sawtooth,
sector scan over an angle 2a at the rate of 2p scans

- it d di - .
f;:i‘f:ﬁm f : ::"eﬂ: t‘gf ﬁ:teu‘:u per revolution of the iens. When the lens rotation
sources for p = 3 produces scanning in the plane perpendicular to the
rotation axis, a movement of the feed in the piane

containing the feed and the axis will superimpose scanning in this plane, 80 that volumetric
scanning may be obtained.

These same virtual source considerations can be applied to a spherical pyramid
bounded by plane reflectors, and as a result, an increased number c¢f reflectons, virtual
sources, and radiated beams will exist., In this instance, the additional parameters pres-
ent in the number of reflecting planes and the angles hetween these planes provide such a
large variety of possibilities that the development of a general system for determining
positions of virtual sources and radiated beams does not seem advisable at this time.

EXPERIMENTAL PROGRAM

An experimental study wac undertaken to determine the validity of virtua) sovrce
considerations applied to the Luneherg lens and to measure the relatve gain, position,
beamwidth, and sidelobe level of the radlated beams. The virtual souree considerations
appeared quite valid, but there were some questim‘q about the intsraction of the z*%
heams and the pesaible diffraction effects from nonsymmetrically {lluminated apert
and from a high {llumipation appearing at a reflector edge for some feed ;*es*mms
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- For this study, a le:s with @ = 7or p = 1 (Figure 2) was chosen, Ordinarily, a two-
layer pillbox construction would be used to 2liminate feed blocking for small feed displace-
raents from the reference axis. In this instance, however, it was easy to obtain a virfual
source lens by converting a two-dimensional Luneberg2 which was composed of two circular,
almost parallel plates ard a polystyrene {iller between the plates., The variationinrni=s
obtained by utilizing the TE,, mode (E~ficld parallel {o the plates) and varying the lens
thickness, or plate spacing, with the radius, This 38-inch-diameter lens, together with a
cross-sectional sketch which greatly exaggerates theplate curvature, is shown in Figure 5.

at 3.2 cm, it produced 2 2.2 degree beamwidth E-plane radiation pattern with
sidelobes 18 db below peak power when fed with a source whose illuraination tapers to 18 db
below peak at Y = t7/%, By placing a roflecting surface along a diameter of this lens a
virtual source lens waz obtained. The reflector was made 3/16 inch in thickness io pre-
vent energy from propagating past it, It was found experimentally that the original feed
(the lower waveguide in Figure 8) when used with this virtual source lens gave tco much
aperture blocking for small values of f. Bowever, when the 80° curved section of wave-
guide (Figure 6) was added so that only a smail length of feed was left in the plane of the
lens, aperture blocking was reduced consiGerabiy.

Lo e f . .

365 . -

(t} Cross-sectional view
Figure 5 - Experimental Luneberg lens

For 2 lens with & =17, there is a virtval source at 22 angle 7 - 5 and two radiatien
beamsa, & reflected beam at -5, and 2 direct beam at 7 + 8. Thae reflocted bzam, formad of
rays with one reflection, is the prircipal cne, Although detailed radiaticn-patt<rn calcula-
tior for these beams Is impractical and somewhat unneaded, an idea of the relative ooir
and beamwidths may be obtalnid by considering the energy in the beams and the projected
effectivé apertures {rom which these beams are radiasted, It will be nssumed that the beam-
w!dths sre inversely proportional to the relative spertures and that relative zain is propor-
tional to both the toial energy in the beam and the relative apertarez. As thowm in Figure 2,
the projected apertures for the reflected and direct beams are ! + cosB8 and 1 - 2084, Tespec-
tively, for 2 unit-radius lens. Then, assumirg 2 2.2 degree besmwidth for the reflecied heay

[bd

o

i ~ v - .
“Pecler G. D. M., and Archer, . H,, "A Two-D2imansional Microwave Lunchere I,ene.™
NRL Repcrt 4115, March 2, 1953
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Figure 6 - Feeds for lens

when g = 0 (us found in the full lons), the
reflected-bzam beamwidth should vary as
3(2.2)/1 +cosB and the direct-boum beara-
width as 2(2.2)/1 -cosB. Peeler and Archer?
pnowed that the normalized electric field

2t the aperture of this lens is approximately
{Eal = ¢ copy, where ¢ in a conutant, The
integral of FES{‘ over the projected portion
of the aperture radiating a bear: yields the
energy in the baam, and the integral multl-
plied by the projected aperture gives the
expected relative gain, These calculated
beamwidths and reladve gains are shown by
the dasked curver in Figure 7. As 8 approachs
$£90° the calculated gains of the two beams
become equal and are ¢ db beiow the ref.ec-
ted beam gain for 8 = 0 since the power
becomes equally divided between the two

beams snd each aparturs approaches one half of the reflected beam aperture for § = 0,

As B approaches +90°, both beam

widths approach 4.4 degrees or twice the reflected-beam

beamwidth for § = 0, :
0 » /L—-/ - LTI s o | |
A TNl
B >
. i 17
P MmN
N 7
3 e
ﬁ : . Y[ L A X r 'qé
! r \ } , \' / ’ (‘ A §
20 \ weamea -\ / aln:
I .
E.
IRRCT- WA o } DHRRCT- BEAM AN o
] o 5
p L
- | ;
wl A AN
g Y ¥ Sl [ merecTEo-seaw seamwiori m";':‘-fjh 3
& V?]‘T:‘i"- == ) s
90 6C 30 - 0 +, 30 6C SO -

FEEO POSITION, 8 (DEGREES)

Figure 7 - Experimental and calculated data for & one-
reflector virtual source lens

For comparison, Figure 7 also contalns experimental data obtained from E-plane
radiation patterns taken at = {requency of 8316 2ic. In plotting thege data, the penk power
and sidelobe Jevel for each pattern have been normalized to the refiected~beam poalt power

avp =0,

This method permits easy comparison of the reflected-beam sidelobe level and
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ti.o direct-beam peak power. For any particular feed position, the sidaiobe level 1s found
by taking the difference between the peak power and the indicated sidelobe level. Experi-
mental resulis agree quite well with calculations. The beam positions were as calculated
but were not plotted. The actual beamwidth of the refiected beam is slightly greater than
the calculated width for |8 | <40° and somewhat smalier for |R |>50°% A sidelobe level of
3 14 db for the reflected beam is somewhat higher than might at first be expected; fox |B8 | < 45°
, however, an increase in the norma! sidclobe jevel might be expected as 2 result of feed
; blocking, For the larger g’s, the sidelobe level is probably due to the nonsymmetrical
&

H

amplitude distribution over the reflected beam apertur2, The direct-beam gain i8 below
the sidelobe level of the rellected-beam for |3 | < 55% and the reflected-beam gain drops
only 1.4 db at the edges of this range.

It can be noticed thet data taken for this lens show asymmetry which can probably be
attributed to some of the slight Imperfections in the model, As a result of handling, the
polystyrene around several of the bolt holes has fractured somewhat so that iocal refrac-
tion could occur in these rogions, The fit between the reflector and the poiystyrene appears
good but a slight separation might also give local effects. There is no apparent reason to
s;l::ect asymmetry, thersfora a better modei might provide symmetry and perhaps a lower
sidelcbe level,

For larger valuee of B, the direct-beam gain i3 greater than the sidelobe level of the
reflected beam and could restrict the limit of operation for some applications, The direct-
beam gain can be considerably reduced by placing absorbent material at the edges of the
lens so that rays in the direct beam are absorbed without disturbing the rays in the reflec-
ted beam. Figure 8 shows one method of placing this material to absorb 2l the rays in the
direct beam for 8 = £60° For larger values of £, not all of the direct-team ravs will be
absorbed, but only those rays with little energy will be radiated past the absorbera. Alsg
for |3 > 605 the gain of the reflacted beam should be reduced slightly as a result cf the
absorption of some of its energy.

 ARBORBING
Martenria,

Figure 8 - Oues-reflector virtual source lensz
with abgorbing material

¥lgure O containg experimental dzia {or this leny; microwave abrorbing r aterizl*.2
hen beep added asshown in Figure £, The direci-beamgain was reduced below the sideiohn

g — ' ‘
Monufactured by the Sponge Bubber Products Co.

35‘zmmom. AT, and Fmerson, W, [, "An Anecholic Thamber Making Uee of a Now

Braadband Zbaorbing Materinl,” NRI, Report 4193, July 1953
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Y REPLECTED-0CAL BEANWIOTA e
. Mottt AT | T
90 60. 30~ O + 30 60 90
FEED POSITION, 8 (DEGREES)

Figure 9 - Experimental data for a one-reflector virtual
source lens with absorbing material
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level of the reflected beam for |8] < 80% No effect on the reflected beam is noticed for
I8 ’ < 80% both gain and beamwidth, however, deterioraced siightly for Tf;“] > 80°% The cal-
culated gain and beamwidth of the refiected beam for the lens without absorbing material
is included for reference,

Another method for reducing the direct-beam grin appears feasible, although it was
not checxed experimentally. The reflector can be extended beyond the edge of the lens so
that part of the direct-beam energy is directed into the reflected beam. Since this energy
is in phaze with the energy already prasent in the reflected boain, thls method shoulc main-
tain ths rsiiected-beam gain and beamwidth more constant with 8. The extension of ths

refiector alao serves to decrease the direct-beara gain,

The gain of unwanted beams can be further recuced by employing a greater 1llumination
taper 8o that these beams contain less energy. This method has chlef advantage for siaall
values of 8; as f approaches ¢/2, its use entails less gain reduction. For the larger f's,
however, tpping the feed so that the centrai ray is not directed at the wedge vertex would
result in less energy in theze beams, The use of more directive feeds is probably manda-
tory for amall wedge-angle lenses which can produce several beams with gains comparavle
with the gain of the principal beam,

SUMMARY

'The analvsis of virtual source Luneberg lenses shows that they can nrodnea several
nerfecilyv focused radiation beams, cach appearing to originate from a ceparate virtual
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Jourcee, The virtual source and beam positions can be sccurately predicted from the
spherical wedge angie « and the feed pooition 8. In genarsl, only a few of the beamsz oo
imiportant; others contain Mitls snergy and have large beamwidth patierns 50 that thel _
galn is below the diffraction sidelobe level of the important vezzs. For lenses with o= 7/p,
whers v is an integer, the beam with greatsst gain bas a position of 48, or has g displace~
ment from the wedge bisector egual to that of the fead, 5o that this lens hes 2 unily beam-
facior, )

iceghed et WL N L PR Y
———— -

PRI TN
[

Brperimeatal das 0il & swo-dlmenslonal lens with p = 1 ghow good agreement with
calculated Leam positions, gain, sud hearnwidth, The sidelohs livel from & apherical
wedgs mode) or from a double-laysr mods! would probably be somewhat lower thon
found with this *wo.-dmensional lens. feverel rusthods for reducing the galnof v
beams were pragented, and cre method involviag the addiilon of absorbing muiz
varified experimontslly.

K a scan angle lesa than 120° is desired, these lenses are useful for applics’’ ~: in
which the size or weight of a luil Luneberg sphere is prohibitive, For eppliceticn: cth b
i=g several beamy, where information from the beams need not be separated, one of ¢
ixnsex can provaocly be digigned to provide booms with the reguirsd gaine in the desired

bgvioryiviii.
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Naval Research Laboratory
Technical Library
Research Reports Section

DATE: January 9, 2004

FROM: Mary Templeman, Code 5596.3

TO: Code 5300 Paul Hughes )

C: Tina Smallwood, Code 1221.1%’ / / J 3/ 071
SUBJ: Review of NRL Report

Dear Sir/Madam:

Please review NRL Report 4194 for:

E/Possible Distribution Statement

] Possible Change in Classification

ary Teinplem
(202)767-3425
maryt@librarvl rl.navy.mil

The subject report can be:

VZ/ Changed to Distribution A (Unlimited)
H Changed to Classification
O Other:
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